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Contextual Taste Cues Modulate Olfactory Learning
in C. elegans by an Occasion-Setting Mechanism
medium; see Figure S1 in the Supplemental Data avail-
able with this article online and Experimental Proce-
dures). These water-soluble ions were chosen as con-
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University of Toronto text cues, because C. elegans senses them as distinct
taste cues [8, 9].1 King’s College Circle
Toronto, Ontario M5S 1A8 Odor-naive animals showed a strong approach to a
point source of benzaldehyde in chemotaxis tests onCanada
CTX medium with or without the addition of either NaAc
or NH4Cl (Figure 1A, Bz groups). Robust olfactory ad-
aptation to benzaldehyde was observed after trainingSummary
and testing on agar plates containing either of the salts,
as long as the animals were trained and tested in theManipulations of context can affect learning and mem-
same salt conditions (Figure 1A). In contrast, when theory performance across species in many associative
composition of the agar was switched between traininglearning paradigms [1–3]. Using taste cues to create
and testing, there was a dramatic effect on chemotaxisdistinct contexts for olfactory adaptation assays in the
with the animals showing little memory of the training.nematode Caenorhabditis elegans, we now show that
Training in a NaAc environment followed by testing onperformance in this associative learning paradigm is
NH4Cl containing agar (and vice versa) resulted in a 60%sensitive to context manipulations, and we investigate
reduction in olfactory memory retrieval relative to thethe mechanism(s) used for the integration of context
amount demonstrated in control groups without the con-cues in learning. One possibility is that the taste and
text switch. Furthermore, the taste cues had no effectolfactory stimuli are perceived as a combined, blended
on the animals’ ability to adapt to benzaldehyde, com-cue that the animals then associate with the uncondi-
pared to when tested in the absence of these additionaltioned stimulus (US) in the same manner as with any
taste cues (Figure 1A) or on baseline olfactory chemo-other unitary conditioned stimuli (CS) [4]. Alternatively,
taxis (Figures S2A and S2B). Rather, the taste cues spec-an occasion-setting model suggests that the taste
ify under which conditions the animals will demonstratecues only define the appropriate context for olfactory
adaptation of the attractive response to benzaldehyde.memory retrieval without directly entering into the pri-
It is noteworthy that the animals also adapted to themary association [5]. Analysis of genetic mutants dem-
salts used as context cues for olfactory learning (Figureonstrated that the olfactory and context cues are
2A). When naive animals were tested for their responsesensed by distinct primary sensory neurons and that
to a concentration gradient of either NaAc or NH4Cl, theythe animals’ ability to use taste cues to modulate olfac-
showed an attractive response ([10]; Figure 2A, Natory learning is independent from their ability to utilize
and Cl groups). These attractive responses were elimi-these same taste cues for adaptation. We interpret
nated after incubation on the agar plates containing thethese results as evidence for the occasion-setting
same concentration of taste cues used to create distinctmechanism [5] in which context cues modulate pri-
contexts for olfactory adaptation assays. This taste ad-mary Pavlovian association by functioning in a hierar-
aptation [10], itself a form of associative learning [11],chical manner to define the appropriate setting for
occurred whether or not benzaldehyde was present dur-memory recall.
ing training (Figure 2A, Na, Cl, and Bz/ groups).
This indicates that the inclusion of benzaldehyde during
Results and Discussion the salt preexposure did not significantly alter salt per-
ception. Although the animals did not demonstrate an
C. elegans Shows Context-Specific attractive response to either of the salts after taste adap-
Olfactory Learning tation training, they were still able to use these cues
Olfactory adaptation is a paradigm in which prolonged to modulate benzaldehyde adaptation (Figure 1A). This
exposure of C. elegans to a volatile odorant results in suggests that salt adaptation does not result from sim-
a decreased attraction to that specific chemical on sub- ple sensory fatigue or desensitization but is instead an
sequent tests of olfactory acuity [6]. The modulation of active process that specifically downregulates salt che-
this phenomenon by food availability indicates that there motaxis responses without affecting the ability of the
is an associative component to this olfactory learning, salts to serve as context cues for olfactory adaptation.
in which the odorant is a conditioned stimulus (CS) that
becomes less attractive after being paired with starva-
tion, an aversive unconditioned stimulus (US) [7]. To Olfactory and Context Cues Are Detected
investigate the effects of context manipulations on ol- by Distinct Sensory Neurons
factory memory retrieval, we created distinct contexts To ask whether the taste cues exerted their effect di-
by adding either sodium acetate (NaAc) or ammonium rectly on the benzaldehyde-sensing AWC chemosen-
chloride (NH4Cl) to the agar substrate (chemotaxis [CTX] sory neurons or by acting through a distinct sensory
mechanism, we tested the effects of the context manip-
ulations in the strain PR674. This strain carries a muta-*Correspondence: eric.law@utoronto.ca
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Figure 2. Na or Cl Taste Adaptation for Wild-Type, che-1, and gpc-1
AnimalsFigure 1. Taste Modulation of Olfactory Adaptation for Wild-Type
N2, che-1(p674), and gpc-1(pk298) Worms (A) Wild-type worms adapted to the taste cues regardless of benzal-
dehyde cotreatment during benzaldehyde adaptation training (a sig-(A) Wild-type worms showed better benzaldehyde adaptation when
nificant three-way interaction [taste training versus benzaldehydetrained and tested in the same taste context than animals trained
training versus testing gradients] in an ANOVA [F1, 73  18.36; p and tested in a different taste context (a significant three-way inter-
0.05]; and then Bonferroni t tests, p  0.05).action [training context versus testing context versus benzaldehyde
(B) che-1 mutants were defective in the taste-sensing functionstreatment] in an ANOVA [F1, 71  25.13; p  0.05]; comparing first
of the ASE neurons, resulting in the absence of chemotaxis to Naand third bars from the left [Bonferroni t test, p  0.05]; also third
or Cl .and fifth bars from the right [Bonferroni t test, p  0.05]). Control
(C) gpc-1 mutants were deficient in taste adaptation regardless ofanimals showed equivalent chemotaxis to benzaldehyde in either
benzaldehyde cotreatment (no significant effect in an ANOVA [F1, 73context (Bonferroni t tests, p  0.05).
2.36; p  0.05]).(B) che-1 mutants demonstrated generalized benzaldehyde adapta-
tion in either taste context (only a significant main effect [benzalde-
hyde treatment] in an ANOVA [F1, 71  19.95; p  0.05]; and then
Bonferroni t tests [p  0.05] when comparing the CIs in Na- or Cl- context cues in olfactory learning requires detection of
testing context). these salts by the ASE chemosensory neuron and is
(C) The context specificity observed with the gpc-1 mutants when
not the result of the ions directly acting on the primarytrained in either context was equivalent to that of wild-type animals
olfactory neurons.(compare with N2 results in Figure 1A, Bonferroni t tests, p  0.05).
The Taste Adaptation Deficit in NL792
gpc-1(pk298) Mutants Does Not Affecttion in the che-1 gene, which encodes for a zinc-finger
protein similar to GLASS transcription factors and is the Ability of These Taste Cues
to Modulate Retrieval of Olfactory Memoryrequired for the specification of the ASE chemosensory
neurons during development [12]. Laser ablation studies To address the relationship between taste adaptation
and the ability of taste cues to modulate olfactory mem-have indicated that the ASE sensory neuron is required
for the chemotaxis to NaAc and NH4Cl [8] and that che- ory retrieval, we investigated the behavior of strain
NL792. This strain carries a mutation in the G protein 1(p674) mutants have defective ASE-mediated responses,
including the abolition of chemotaxis to NaAc and NH4Cl subunit encoding gene gpc-1, leading to a deficit in
adaptation to taste cues, including NaAc and NH4Cl ([10],[12] (Figure 2B). The che-1(p674) mutants demonstrated
benzaldehyde adaptation to a degree indistinguishable Figure 2C). The wild-type animals (Figure 2A) showed
adaptation to salts whether or not benzaldehyde wasfrom wild-type animals (Figure 1B). More importantly,
full adaptation was observed even if the contexts were present during the training. The gpc-1 learning deficit
was also seen in the groups where benzaldehyde wasswitched between training and testing, demonstrating
that these che-1 mutants were insensitive to the context included during the training (Figure 2C), indicating that
salt adaptation is gpc-1 dependent both in the presencemanipulations that affected memory retrieval in the wild-
type animals (Figure 1A). Because the primary defect in and absence of benzaldehyde. This is consistent with
the hypothesis that the perception of the salts used hereche-1 mutants is an elimination of ASE-mediated re-
sponses, while leaving olfactory responses unaffected is not significantly altered by the presence of benzalde-
hyde during training.[8], this indicates that the ability of salts to act as distinct
Occasion Setting in C. elegans
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One hypothesis to explain context-specific learning UT2 lrn-2(mm99) Mutants Show Wild-Type Taste
is that the individual cues presented to the animal blend Adaptation but Are Unable to Use Taste Cues as
into a unique perceptual unit; therefore, the different Distinct Contexts to Modulate Olfactory Learning
context cues present during testing create a novel com- We hypothesized that recall of olfactory learning is ro-
pound cue, one that has not undergone training [4]. bust only when all of the contextual cues present during
However, there are two lines of evidence that indicate training are also present during testing. We tested this
that the taste and olfactory stimuli in our paradigm were hypothesis by manipulating the context during training
treated as individual sensory cues rather than a percep- and testing using the normal growth medium (NGM,
tual blended cue. First, gpc-1-dependent salt adapta- see Experimental Procedures) and a minimal medium
tion was observed regardless of whether benzaldehyde containing only peptone and buffered agar at the con-
was present (Figure 2). This suggests that both salt per- centrations present in NGM. Naive wild-type animals
ception and adaptation are independent of any percep- showed a strong attraction to benzaldehyde in either
tual compound formed between the salts and benzalde- context, and the worms showed context-specific benz-
hyde. Second, as the benzaldehyde was presented as a aldehyde adaptation after training in NGM (Figure 3A).
point source during these experiments while the context However, animals trained in the minimal context dis-
cues were presented a diffuse environmental cue, the played excellent recall in either an NGM or a minimal-
proposed mechanism that guides chemotaxis by evalu- testing context. That is, we observed an asymmetrical
ating changes in stimulus concentrations over time [13] effect when the context discrimination relied on the
would distinguish implicitly between these types of stim- presence of additional cues that were present in only
ulus sources.
one context. The additional context cues were required
At least two manipulations can be used to answer
for the retrieval of associations learned in their presencehow much of the taste modulation of benzaldehyde ad-
(the NGM context) but did not block the retrieval of theaptation is due to simple taste adaptation (associative
associations learned in the minimal context, becauselearning). One method, extinction, assesses the ability of
all of the necessary memory retrieval cues were presentthe context to modulate recall of a Pavlovian association
in the testing environments. To address whether theafter extinguishing the direct context-US memory [5,
NGM context effect was mediated by taste cues, we14]. However, extinction is not ideal to dissociate simple
investigated the behavior of the che-1 mutants in thisassociative learning from occasion setting, because it
paradigm. che-1 mutants demonstrated full adaptationinhibits rather than erases the original association.
even if the contexts were switched between training andTherefore, extinction can only tell us whether the recall,
testing (Figure S3). This indicates that the ability of thebut not the acquisition, of the context-US memory is
NGM to act as a distinct context in olfactory learningimportant in occasion setting. Indeed, even completely
also requires taste detection by the ASE chemosensoryextinguished memory can return spontaneously after
neuron.the passage of time [15], further confounding the role of
Genetic analysis of olfactory memory retrieval in thesecontext-US memory in any occasion-setting paradigm.
contexts provided further evidence that the adaptationWe used a second, genetic approach to block the
to salts and the occasion-setting properties of salt cuesinitial formation of the context-starvation memory (Fig-
ure 2C), thereby avoiding the potential pitfalls of extinc- rely on separate mechanisms. gpc-1 mutants showed
tion experiments. The gpc-1 mutation abolished salt wild-type context specificity for benzaldehyde adapta-
adaptation (Figure 2C), but gpc-1 mutants still showed tion in this experiment (Figure 3B), although they did
the same degree of context specificity that was ob- not show the direct adaptation to the NGM context that
served in wild-type animals (compare Figures 1C and was evident with the wild-type worms (Figure 3D). We
1A). Therefore, the animals’ ability to use these salt cues also tested a second mutant strain, UT2 lrn-2(mm99),
to modulate retrieval of benzaldehyde adaptation mem- that was identified in another associative learning
ory is completely independent of the formation of taste screen [17]. This strain demonstrated full recall of olfac-
context-starvation memory. Thus, to account for the tory adaptation in either context after training in the
present results, we favor an occasion-setting mecha- NGM context. However, these animals showed a wild-
nism. This implies that the olfactory and gustatory cues type level of adaptation to the unique NGM context cues
are perceived and represented internally as distinct (Figure 3D). Therefore, the lrn-2 mutants showed wild-
stimuli. Although both of these cues are capable of en-
type levels of simple associative learning to the context
tering into direct associations with the starvation, this
cues, but are unable to use these same cues to limitis independent of the ability of taste cues to function in
olfactory memory retrieval to the training environment.a hierarchical manner as occasion setters that control
Furthermore, this learning deficit was not a result ofthe retrieval of olfactory memories [3, 5, 14].
altered sensitivity toward benzaldehyde and the contextThe recall of habituation to a mechanical stimulus
cues (Figures S4A and S4B). These lrn-2 results, in con-is also affected by changing the salt context between
junction with the results from the gpc-1 mutants, providetraining and testing [16]. However, it is unclear whether
a double dissociation of simple associative learning ver-this effect was due to an occasion-setting mechanism,
sus occasion-setting mechanisms (summarized in Tablea compound cue effect, or more nonspecific effects
S1). As lrn-2 was isolated in a different simple associa-such as the alteration of membrane properties in the
tive learning paradigm [17] than the one employed formechanosensory neurons in the different environments.
the double dissociation here, further experimentationAn analysis of the context sensitivity of mechanosensory
will be needed to address the different learning mecha-learning in the lrn-2 and gpc-1 mutant backgrounds
would address this issue. nisms blocked by the lrn-2 mutation.
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Figure 4. A Possible Model for the Sensory Integration Mediating
the Context-Specific Olfactory Adaptation
GPC-1 is present in the ASI neurons, and its function in the ASI
neurons is essential for taste adaptation. CHE-1 functions in the
baseline chemotaxis in the ASE neurons. In this model, the AIB
interneuron serves as an integrator of taste and olfactory inputs.
We propose that the LRN-2 functions in the taste context pathway
to regulate taste input to the AWC (olfactory) axon terminals.
tion of information from multiple, distinct sensory path-Figure 3. NGM Contextual Modulation of Olfactory Adaptation for
ways in different modalities. Figure 4 depicts a workingWild-Type N2, che-1(p674), and gpc-1(pk298) Worms
model integrating the behavioral, anatomical, and ge-(A) Wild-type worms showed better adaptation when trained and
netic data. Previous laser ablation studies demonstratedtested in the same NGM context than similarly NGM-trained animals
tested in the minimal context (a significant three-way interaction that the ASE and AWC chemosensory neurons direct
[training context versus testing context versus benzaldehyde treat- chemotaxis to salts and benzaldehyde, respectively [8].
ment] in an ANOVA [F1, 71  21.67; p  0.05]; and then Bonferroni che-1 mutants are ASE defective [12] and, therefore, do
t test, p  0.05). In the converse experiment, animals trained in
not sense salts and do not show any salt-dependentthe minimal context demonstrated generalized recall in either the
phenotypes. gpc-1 functions in ASI in salt adaptationminimal context (Bonferroni t test, p 0.05) or NGM context (Bonfer-
[18], and this function must be downstream of the pointroni t test, p  0.05).
(B) gpc-1 mutants demonstrated equivalent levels of NGM modula- of divergence of salt’s context cue functions from che-
tion of olfactory adaptation recall to wild-type animals (compare motaxis response functions. We propose that lrn-2 func-
with N2 results in Figure 3A, Bonferroni t tests, p  0.05). When tions in the pathway mediating context effects. Benzal-
trained in the minimal context, the gpc-1 mutants also demonstrated
dehyde adaptation may occur within AWC itself, becausegeneralized benzaldehyde adaptation similar to that of wild-type
the cGMP kinase egl-4 [19] appears to function in AWCanimals (compare with N2 results in Figure 3A, Bonferroni t tests,
to promote benzaldehyde adaptation. Additionally, elec-p  0.05).
(C) lrn-2 mutants trained and tested in the NGM context still retained tron microscopic analyses have shown that ASE syn-
a small attraction to benzaldehyde when the wild-type animals have apses onto AWC terminals where they meet the inter-
already shown a small aversion (a significant three-way interaction neuron AIB [20]. If benzaldehyde adaptation happens
[strain versus testing context versus benzaldehyde treatment] in an
within the AWC sensory neuron, then this functionalANOVA [F1, 71  20.14; p  0.05]; and then Bonferroni t test, p 
and anatomical asymmetry could explain a behavioral0.05). Conversely, similarly trained lrn-2 mutants still adapted to
asymmetry, because benzaldehyde does not serve as abenzaldehyde when tested in the minimal testing context even
though the N2 animals had dramatically attenuated their conditioned context cue for salt adaptation (E.L., unpublished data).
response to benzaldehyde (compare with N2 results in Figure 3A, Here, we have presented a genetic account of sensory
Bonferroni t test, p  0.05). In contrast, benzaldehyde learning in processing in C. elegans and demonstrated that simple
the minimal context was equivalent to that of wild-type N2 animals
associative learning using the context and the modula-(compare with N2 results in Figure 3A, Bonferroni t tests, p  0.05).
tion by contextual occasion setting of primary Pavlovian(D) NGM adaptation for wild-type, lrn-2, and gpc-1 worms. Wild-
associations are regulated by distinct mechanisms.type worms and lrn-2 mutants both demonstrated adaptation to
NGM (NGM  groups) (a significant two-way interaction [NGM pre-
Experimental Proceduresexposure versus. Strains] in ANOVA [F1, 32  32.44; p  0.05]; but
no significant effect [p 0.05] when comparing N2 and lrn-2 results).
Strains and MediaHowever, after NGM preexposure, the gpc-1 mutants showed simi-
The wild-type Bristol N2 strain, PR674 che-1(p674), CB1126 che-lar chemotaxis to NGM as that of naive gpc-1 animals (Bonferroni
6(e1126), and NL792 gpc-1(pk298) were obtained from the Caeno-t test, p  0.05).
rhabditis Genetics Center at the University of Minnesota. The UT2
lrn-2(mm99) strain, derived from the N2 background, was used in
Conclusions the NGM/minimal experiments. All experiments used well-fed adults
We have shown that the ability of taste cues to modulate cultivated at 20C on normal growth medium (NGM; 50 mM NaCl,
15 g/l agar, 20 g/l peptone, 1 mM cholesterol, 1 mM CaCl2, 1 mMolfactory learning is a specific effect due to the integra-
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MgSO4, 1 mM KPi [pH  7.0]) seeded with the OP50 E. coli strain. Statistics
All CI values are means and standard errors of the means calculatedMinimal medium was 15 g/l agar, 20 g/l peptone, 1mM KPi (pH 
7.0). CTX medium was 10 mM Mops (pH 7.2), 0.25% v/v Tween 20, from at least nine chemotaxis test plates. Student’s t tests were
used for two-way comparisons between groups, with a significance15 g/l agar with NaAc or NH4Cl added to a final concentration of 25
mM where indicated. level of p 0.05. Analysis of variance (ANOVA) was used for compar-
isons with multiple groups followed by Bonferroni-corrected multi-
ple comparison t tests.
Olfactory Learning Assay
Adaptation procedures were carried out as previously described Supplemental Data
[7]. In brief, 500–1000 animals were placed on a 10 cm Petri dish Supplemental Data including four additional figures and a table are
filled with 6 ml of agar medium and presented with 2 l of 100% available at http://www.current-biology.com/cgi/content/full/14/14/
benzaldehyde (CS) placed on the lid in the absence of food (US). 1303/DC1/.
After 1 hr of training, animals were rinsed from the training plate
with 2 ml of water and transferred to the center of test plates also Acknowledgments
filled with 6 ml of agar medium. On one side, a 1 l drop of 1%
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